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ABSTRACT

Abril, M., Curry, K. J., Smith, B. J., and Wedge, D. E. 2008. Improved microassays used to test
natural product-based and conventional fungicides on plant pathogenic fungi. Plant Dis. 92:106-
112.

Seven important plant pathogenic fungi (Botrytis cinerea, Colletotrichum acutatum, C. fra-
gariae, C. gloeosporioides, Fusarium oxysporum, Phomopsis obscurans, and P. viticola) valu-
able in screening fungicides were tested. Our procedure included washing conidia to reduce
germination times, incorporating Roswell Park Memorial Institute 1640 as a medium of known
composition, and using coverslips in the 24-well cell culture clusters to document the effect of
fungicides on fungal morphology. The natural product-based fungicide, sampangine, a sam-
pangine analog, 4-bromosampangine, plus seven conventional fungicides (benomyl, captan,
cyprodinil, fenbuconazole, fenhexamid, iprodione, and kresoxim-methyl) were tested in vitro for
their ability to inhibit germination and growth of the seven fungal species. Sampangine inhibited
germination in all fungi except C. acutatum. Comparison of results of germination and morphol-
ogy microbioassays with results of microtiter assays suggests that some fungicides stop fungal
germination, whereas others only slow down fungal growth. We hypothesize that sampangine,
except against C. acutatum, has the same physical mode of action, germination inhibition, as the
conventional fungicides captan, iprodione, and kresoxim-methyl. 4-Bromosampangine caused
morphological anomalies including excessive branching of germ tubes of C. fragariae and

splaying and branching of germ tubes of B. cinerea.

Additional keywords: fungal sensitivity

Fungicide discovery efforts at the
USDA-ARS, National Center for Natural
Products Research, in University, MS, are
focused on natural products derived from
plants with emphasis on compounds with
fungicidal activity (29). Microtiter assays
have been developed for screening large
numbers of natural products that have
potential use in the agrochemical industry
(29). This type of assay has the quality of
being an accurate, sensitive, and rapid
detection system for differentiating dose-
response relationships and differences in
fungal sensitivity to known fungicides
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and numerous natural
15,17,26).

Sampangine, an alkaloid isolated from
the root bark of Cleistopholis patens, and
its analogs represent a group of promising
natural product chemicals for control of
fungi. Data obtained from in vitro bioauto-
graphy and 96-well microtiter assays indi-
cated that sampangine and its analogs have
a broad-spectrum antifungal activity
against several plant pathogenic fungi
sensitive to benzimidazole and dicarbox-
imide fungicides including Botrytis cine-
rea (ICsq < 3.0 uM), Colletotrichum acu-
tatum (ICsp < 3.0 uM), C. fragariae (ICsy <
3.0 uM), C. gloeosporioides (ICsy < 3.0
uM), and Fusarium oxysporum (ICsy < 3.0
uM) (Patent # 6,844,353B2; 29).

This study made complementary use of
two types of microassays: microtiter as-
says and microbioassays. Microtiter assays
entail challenging fungi with concentra-
tions of natural product-based and conven-
tional fungicides in 96-well cell culture
clusters and evaluating fungal growth with
a microplate photometer. Microbioassays
entail challenging fungi with concentra-
tions of natural product-based and conven-
tional fungicides in 24-well cell culture
clusters and evaluating growth by direct,
microscopic observation. The study was

products (13—

conducted to address three important is-
sues concerning fungicide activity for mi-
croassays: (i) optimizing conidial germina-
tion for microassays; (ii) determining the
sensitivity of targeted fungi to three con-
centration levels of sampangine, 4-
bromosampangine, and seven conventional
fungicides by microtiter assays; and (iii)
determining the effects of these fungicides
on the morphology of germinated conidia,
germ tube elongation, and early hyphal
growth by microbioassays.

MATERIALS AND METHODS

Fungal isolates and medium. Seven
fungal isolates, all cosmopolitan plant
pathogens, were used in various aspects of
our study. Colletotrichum acutatum Sim-
monds isolate Goff, C. fragariae Brooks
isolate CF-63, and C. gloeosporioides
(Penz.) Penz. & Sacc. in Penz. isolate CG-
162 were provided by B. J. Smith and have
previously been included in fungicide
studies (21,22); Phomopsis viticola Sacc.
and P. obscurans (Ellis & Everh.) Sutton
were obtained from M. Ellis, Ohio State
University; and Fusarium oxysporum
Schlechtend.:Fr. and Botrytis cinerea
Pers.:Fr. were isolated by D. E. Wedge.
The strains of Colletotrichum spp. and P.
obscurans were isolated from strawberry
(Fragaria x ananassa Duchesne ex.
Rozier). P. viticola and B. cinerea were
isolated from commercial grape (Vitis
vinifera L.). F. oxysporum was isolated
from orchid (Cycnoches sp.). Fungi were
grown on potato dextrose agar (PDA;
Difco, Detroit, MI) in 9-cm petri dishes
and incubated under cool-white fluorescent
lights (55 + 5 pumol-m>s™) with a 12-h
photoperiod in a growth chamber at 24 +
2°C, except for B. cinerea which was in-
cubated at 18 + 2°C.

Conidial suspension preparation. Co-
nidia were harvested from 7- to 10-day-old
cultures by flooding plates with 10 ml of
sterile distilled water and dislodging conidia
by softly brushing the colonies with an L-
shaped plastic rod. Aqueous conidial sus-
pensions were filtered through sterile Mira-
cloth (Calbiochem-Novabiochem Corp., La
Jolla, CA) to remove hyphae. Conidial
concentrations were determined pho-
tometrically from a standard curve based
on absorbance at 625 nm (4,27), and sus-
pensions were then adjusted with sterile



water to a concentration of 10° co-
nidia/ml.

The effect of washing the conidia on
germination time was determined for each
fungal species. The conidial matrix that
inhibits germination was removed from
each conidial suspension by centrifuging
the conidial suspension at 3,000 rpm (Sor-
vall RC 5C Plus Centrifuge, Asheville,
NC) for 10 min at 4°C, discarding the
supernatant, and resuspending the conidial
pellet in sterile distilled water by vortexing
for 10 s (VWR Voxtexer 2, Scientific In-
dustries, Inc., Bohemia, NY). This proce-
dure was followed three times. The final
pellet was refrigerated overnight at 4°C.
Each pellet was resuspended in Roswell
Park Memorial Institute 1640 (RPMI; Life
Technologies, Grand Island, NY) myco-
logical liquid medium prepared with 16.2
g of RPMI buffered with 34.5 g of 3-[N-
morpholino] propanesulfonic acid per liter
(MOPS; Sigma Chemical Co., St. Louis,
MO). Both washed and unwashed conidia
were adjusted to a final concentration of
approximately 10° conidia/ml. Conidial
germination times were evaluated noting
the time at which approximately 90% ger-
mination was achieved. Each species was
replicated two times in each of three ex-
periments, except for F. oxysporum, which
had only two experiments.

Conidial germination times were evalu-
ated by analysis of variance (ANOVA)
using the GLM procedure of Statistical
Analysis Systems (SAS) software, ver. 8
(SAS Institute, Inc., Cary, NC). A signifi-
cance level of P = 0.05 was used for pair-
wise comparisons between germination
times of washed and unwashed conidia.

Germination and morphology micro-
bioassays of natural product-based and
conventional fungicides. A 24-well cell
culture cluster (Corning Inc., Corning,
NY) was used to grow the cultures of B.
cinerea, C. acutatum, C. fragariae, C.
gloeosporioides, F. oxysporum, P. viticola,

and P. obscurans. We used technical grade
natural product-based fungicides (sam-
pangine and one sampangine analog, 4-
bromosampangine, synthesized at the
USDA-ARS, National Center for Natural
Products Research, University, MS) and
seven conventional fungicides (Table 1)
purchased as pesticide standards at Chem
Service (West Chester, PA) representing
various fungicide classes that are widely
used by the fruit and ornamental indus-
tries. Each of the natural product-based
and conventional fungicides was dissolved
in 95% ethanol at 12 mM; sonicated for 10
min; and diluted to 1.2, 0.12, and 0.012
mM concentrations. Eighty microliters of
each of the three concentrations of fungi-
cide were mixed with 320 pl of buffered
RPMI and 400 pl of conidial suspension to
obtain fungicide concentrations of 30, 3.0,
and 0.3 pM, respectively. Fungicide con-
centrations were chosen based on the solu-
bilities of the compounds, the usual range
of efficacy of these conventional fungi-
cides, and their efficacy against our test
pathogens in our microtiter assay (30). An
800-ul aliquot of buffered fungicide solu-
tion with conidial suspension was placed
into each well of the 24-well cell culture
clusters with a sterilized 13-mm-diameter
cover glass (Fisherbrand, Pittsburgh, PA)
at the bottom of the well. Fungi were
grown in RPMI without fungicide as a
control under the same conditions as the
experimental group.

Fungi were incubated under the tem-
perature and light conditions described in
the “Fungal isolates and medium” section.
Conidial germination was assessed by
estimating the time at which 90% germina-
tion was achieved in a given well using an
inverted microscope (Olympus IX 70;
Olympus America, Inc., Melville, NY).
Slides were made within 2 h of germina-
tion to document approximate germination
times by inverting the cover glasses from
the wells in drops of 1% lactophenol cot-

ton blue (23), and sealing them with trans-
parent fingernail polish. Close adherence
to germination times was impossible due
to the large number of treatments and rep-
licas handled simultaneously. Photographs
were taken with a PM-35 DX Olympus
camera (Olympus America). The experi-
ment was repeated three times.

Microtiter assay. A 96-well cell culture
cluster was prepared for each replicate of
each fungal isolate. Two hundred microli-
ters of buffered fungicide solution contain-
ing the conidial suspension (“Conidial
suspension preparation” section) was
placed in each well of the 96-well cell
culture clusters (Corning, Inc., Corning,
NY) at fungicide concentrations of 0.3,
3.0, and 30 pM. Each compound was
evaluated in triplicate against a noninocu-
lated well (reagent blank) containing test
compound and RPMI at each concentra-
tion. Well cell culture clusters were incu-
bated in a growth chamber (“Fungal iso-
lates and medium” section) for 72 h to
allow time for mycelial development past
the initial germination times. Growth was
evaluated by measuring absorbance of
each well at 620 nm using a microplate
photometer (Packard Spectra Count; Pack-
ard Instrument Co., Downers Grove, IL).
Differences in mycelial growth in vitro
demonstrated the sensitivity of fungal plant
pathogens to natural product-based and
conventional fungicides with known
modes of action (25).

Within each 96-well cell culture cluster,
16 wells containing RPMI and conidial
suspension served as unamended (positive)
controls and eight wells containing RPMI
without conidial suspension were used as
negative controls. Each test fungicide was
run in duplicate at each concentration, and
the experiment (duplicate) was repeated
independently three times. Treatments
were arranged as a split-plot design where
whole plots were the seven fungal isolates
and subplots were the nine chemicals at

Table 1. Chemical name, chemical class, mode of action, Fungicide Resistance Action Committee (FRAC) group, systemic activity, range of controlled
pathogens, and commercial rate range of fungicides used in this study based on fungicide labels and FRAC website (http://www.frac.info)

FRAC Systemic Range of controlled Commercial rate
Fungicide Chemical class Mode of action group activity pathogens range”
4-Bromosampangine Sampangine ? ? ? Colletotrichum and Botrytis ~ ?
Sampangine Sampangine ? ? ? Colletotrichum, Botrytis, ?
and Phomopsis
Benomyl Methyl benzimidazole Inhibition of microtubule 1 Systemic Broad spectrum No longer comer-
carbamate assembly cially available
Captan Multisite/phthalamide ~ Multisite inhibitor M4 Nonsystemic  Broad spectrum 1.68—4.48 kg a.i./ha
Cyprodinil Anilinopyrimidine Proposed methionine 9 Systemic Monilinia, Cladosporium, 157-525 g a.i./ha
biosynthesis and Venturia
Fenbuconazole Demethylation Sterol biosynthesis (14- 3 Nonsystemic  Monilinia and Cladosporium  105-210 g a.i./ha
inhibitor (DMI) demethylase inhibitor)
Fenhexamid Hydroxyanilide Ketoreductase inhibitor 17 Nonsystemic  Botrytis and Monilinia 560-840 g a.i./ha
(sterol biosynthesis)
Iprodione Dicarboxymide Proposed NADH 2 Nonsystemic  Broad spectrum 560-1,120 g a.i./ha

cytochrome c in lipid
peroxidation

Qol complex 3 11
respiration inhibitor

Kresoxim-methyl Quinone outside

inhibitor (Qol)

Nonsystemic

Broad spectrum

112-280 g a.i./ha

% Per application based on US-EPA Section 3 registrations.
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the three doses (21 treatments). Mean ab-
sorbance values and standard errors were
used to evaluate fungal growth of B. cine-
rea, Colletotrichum spp., and F. oxysporum
at 48 and 72 h at each concentration of the
test compound. Mean absorbance values
were expressed as percent inhibition/
stimulation using the formula: % Inhibi-
tion/stimulation = [(mean sample absorb-
ance) — (mean unamended absorbance)] X
100/(mean unamended absorbance). Posi-
tive numbers indicate stimulation of
growth and negative numbers indicate
inhibition of growth compared to the
growth of the fungus on unamended me-
dium.

Each dose level and response time was
analyzed separately by ANOVA using SAS
software, ver. 8. Mean separations were
performed based on least significant dif-
ference (LSD) (P = 0.05). Statistical com-
parisons were made of fungal growth
within each concentration of fungicide for
each isolate and within each concentration
of fungicide across fungal isolates.

RESULTS

Germination and morphology micro-
bioassays of natural product-based and
conventional fungicides. Conidial washes
to remove innate germination inhibitors
considerably reduced germination times
for all seven species (Table 2). Germina-
tion times were assessed against an un-
washed control at the time approximately
90% of the control conidia had germi-
nated. The reduction of conidial germina-
tion time was greatest for the two Pho-
mopsis spp. in which the washed conidia
germinated more than 20 h earlier than the
unwashed conidia. Reducing germination
times enhanced germination synchrony of
each fungal species, thus improving the
precision of the microtiter assays.

The stages of fungal development we
recognized included incipient germ tube,
germination, hyphal development, and
mycelial development. For the purpose of
this study, an incipient germ tube was de-
fined as a germ tube being largely sur-
rounded by parental conidial wall (Fig.
1A), germination was defined as a germ

tube being largely composed of new wall
material (Fig. 1B, C, and E), and hyphal
development indicates a single, possibly
branched hypha that grades into mycelial
development with several or numerous
hyphal branches. Qualitative assessment of
fungal development is presented in Table
3. Degrees of development expressed in
Table 3 cannot be compared across spe-
cies, but were assessed at the times of
germination for each respective species
with three washes (Table 2).

The most sensitive fungal species in this
experiment was P. obscurans with conidial
germination inhibited by all test com-
pounds except fenhexamid at 0.3 pM (Ta-
ble 3). Almost equally sensitive was B.
cinerea, in which conidial germination was
inhibited by all fungicides except the con-
ventional fungicide captan at 0.3 uM and
the natural product-based 4-bromosam-
pangine at 0.3 and 3.0 uM. The least sensi-
tive species was P. viticola, in which co-
nidial germination was only inhibited by
sampangine at all rates and kresoxim-
methyl at 30 pM. Almost as insensitive
was F. oxysporum, in which conidial ger-
mination was inhibited by kresoxim-
methyl and sampangine (=3.0 uM) and by
benomyl and captan (30 uM).

When comparing fungicide efficacy at
the 3.0-uM concentration, the most effec-
tive conventional fungicide was kresoxim-
methyl, which prevented germination of all
fungal species except P. viticola. Benomyl
and fenbuconazole were almost as effec-
tive as kresoxim-methyl. Captan and fen-
hexamid prevented conidial germination of
B. cinerea, C. fragariae, C. gloeo-
sporioides, and P. obscurans (Table 3).
Iprodione was the least effective conven-
tional fungicide for inhibiting germination.

The natural product sampangine at 3.0
uM inhibited conidial germination in all
fungal species except C. acutatum (Table
3), which was inhibited from further
growth when assessed in the microtiter
assay at about 48 h. The analog, 4-
bromosampangine, at 3.0 uM only, inhib-
ited germination in P. obscurans, but it was
the only fungicide observed to affect sub-
sequent germ tube development causing

Table 2. Mean conidial germination time (h)* of seven plant pathogenic fungal species on 24-well cell

culture clusters following zero or three washes

Fungus 0 washes 3 washes F test¥
Botrytis cinerea 22.3 a* 18.8b HAE
Colletotrichum acutatum 148 a 8.8b HAE
C. fragariae 145a 10.8b HAE
C. gloeosporioides 153 a 9.2b wE
Fusarium oxysporum 17.0a 13.0b HAE
Phomopsis obscurans 93.8a 68.7b HAE
P. viticola 93.7a 72.5b HkE

X Values are means of three studies with two replications each. Since there was not a significant inter-
action between study and number of washes for any species, data from the three studies were com-
bined for each species. (F. oxysporum was run twice with two replications each).

Y F test: *** significant at P < 0.0001.

Z Values in the same row that do not share a common letter were significantly different in a mean sepa-

ration test using Fisher’s protected LSD (P < 0.05).
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two morphological anomalies during the
time frame of this study. Colletotrichum
spp. occasionally produce two germ tubes,
but in the presence of this sampangine
analog, two or more germ tubes were ob-
served more commonly than was usual for
C. fragariae at approximately 10 h (<10%
of the conidia, qualitative observation; Fig.
1D). More significantly, germ tubes in B.
cinerea splayed and branched in the pres-
ence of this analog at approximately 18 h
(<10% of the conidia, qualitative observa-
tion; Fig. 1F). No morphological anoma-
lies were observed in C. acutatum, C.
gloeosporioides, F. oxysporum, P. ob-
scurans, or P, viticola.

Microtiter assay. Data for fungal effi-
cacy against Phomopsis spp. are not re-
ported because the data had unacceptably
high standard errors. Neither species
achieved an acceptable level of synchro-
nous growth or achieved 100% germina-
tion. Among isolates of the other species,
there was a significant interaction between
fungal isolate and fungicide concentration;
therefore comparisons of fungal growth
were made within each concentration of
each fungicide for each isolate and within
each concentration of fungicide across
fungal isolates.

The sensitivity of the five species to
sampangine, 4-bromosampangine, and
seven conventional fungicides was as-
sessed by measuring fungal growth in vitro
relative to their growth in untreated con-
trols. After 72 h, growth of the most sensi-
tive fungus, B. cinerea, was inhibited by
benomyl, cyprodinil, fenbuconazole, fen-
hexamid, kresoxim-methyl, and sam-
pangine (Table 4). All three species of
Colletotrichum were inhibited by captan,
cyprodinil, and sampangine. In addition,
C. fragariae was sensitive to benomyl,
fenbuconazole, and kresoxim-methyl. C.
gloeosporioides was sensitive to 4-
bromosampangine, fenbuconazole, and
kresoxim-methyl. F. oxysporum was sensi-
tive to captan, kresoxim-methyl, and sam-
pangine.

Comparative efficacy of conventional
and natural product-based fungicides on
the growth response of the plant patho-
genic fungi was similar between 48 h (data
not shown) and 72 h (Table 4), except for
kresoxim-methyl ~which lost efficacy
against the three species of Colletotrichum
and against F. oxysporum, benomyl which
lost efficacy against F. oxysporum, and
iprodione which actually stimulated all
Colletotrichum spp. and F.  oxysporum.
Benomyl inhibited growth of B. cinerea,
C. fragariae, and F. oxysporum. It was less
effective against C. gloeosporioides and
actually stimulated C. acutatum. Captan
was not highly efficacious against growth
of B. cinerea, but it inhibited growth in the
three species of Colletotrichum and F
oxysporum. Cyprodinil inhibited B. cine-
rea and all three species of Colletotrichum.
Fenbuconazole inhibited B. cinerea, C.



fragariae, and C. gloeosporioides. Fen-
hexamid, iprodione, and kresoxim-methyl
inhibited growth of B. cinerea. The sam-
pangine analog 4-bromosampangine inhib-
ited growth of C. gloeosporioides. Sam-
pangine was effective against all tested
fungi.

DISCUSSION

We followed the microtiter assay meth-
ods of Wedge and Kuhajek (27) with the
addition of washing conidia to reduce vari-
ability in percent germination and the time
to maximum germination. Washing conidia
removed natural germination inhibitors
contained in the conidial matrix
(1,9,12,20), reduced germination times,
and increased cultural synchrony of all
fungal species. This modification im-
proved the reliability and reproducibility of
the microtiter assays and reduced experi-
mental error associated with growth meas-
urement or error bias. Furthermore, we
found cultural synchrony to be an impor-
tant criterion for selecting fungal species
appropriate for microtiter assays. Conidial
concentrations between 10° and 10° co-
nidia/ml ensured the appropriate amount of
conidial suspension to assess germination
levels of selected plant pathogenic fungi
precisely and accurately. The incorporation
of Roswell Park Memorial Institute myco-
logical liquid medium 1640 (RPMI) as the
carbon source provided adequate germina-
tion levels in a reasonable time, plus it
provided the advantage of knowing the
exact composition of the medium (27).
Finally, the novel use of glass coverslips in
each well of the 24-well cell culture clus-
ters provided a convenient method for
achieving high-quality microscopic obser-
vations that allowed us to document the
effect of fungicides on fungal developmen-
tal morphology. Photometric readings are
useful for estimating percent germination
that resulted from increased biomass, but
those readings cannot distinguish devel-
opmental stages of fungal growth (i.e.,
conidial germination, germ tube elonga-
tion, hyphal development, and mycelial
development).

Sampangine represents a possible alter-
native to conventional fungicides now used
to control economically important plant
pathogenic fungi such as F. oxysporum.
Although sampangine was not the most
effective fungicide against B. cinerea, it
was nevertheless effective. Kresoxim-
methyl had the broadest spectrum among
the conventional fungicides we tested,
preventing both early germination as as-
sessed in our direct observational experi-
ments (ca. 9 to 19 h) and delayed subse-
quent growth as assessed in our microtiter
experiments at 48 h, but its efficacy was
largely lost by 72 h. Sampangine was al-
most as broadly efficacious as kresoxim-
methyl at inhibiting germination in all
fungi except C. acutatum, and it retained
its efficacy through 72 h. The potential

benefits and broad spectrum antifungal
activity exhibited by sampangine make it a
promising candidate for further greenhouse
testing. Results from preliminary green-
house experiments demonstrated the pro-
tective activity of sampangine by reducing
leaf lesions when applied to the host prior
to inoculation with C. fragariae (D. E.
Wedge and B. J. Smith, unpublished data).

The fungi used in this study are patho-
gens for a wide range of commercially
important crops. We have assessed their
sensitivity to fungicides and considered
their suitability as test organisms in this
study. Phomopsis spp. were not suitable
for the microtiter assay due to their asyn-
chronous germination, which prevented
reliable absorbance readings. Hyphal
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Fig. 1. The effect of fungicides on conidial germination. A, Incipient germination of conidia of Colle-
totrichum acutatum in the presence of iprodione at a concentration of 3.0 uM; B, normal conidial
germination of C. gloeosporioides in the presence of captan at a concentration of 0.3 uM; C, normal
germ tube development and D, anomalous germ tube branching of C. fragariae challenged with 0.3
UM 4-bromosampangine; E, normal germ tube development and F, splayed (upper) and branched
(lower) germ tubes of Botrytis cinerea challenged with 0.3 uM 4-bromosampangine. C = conidium,

GT = germ tube. Bar = 10 pm.
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growth after conidial germination for these
species requires several days. As a result,
the sensitivity and reproducibility of the
method (absorbance) is diminished, since
hyphal growth obscures low germination.

Among the other five species, B. cinerea
was generally the most sensitive to fungi-
cides and F. oxysporum was the least sensi-
tive. These represent good controls for this
type of study because they demonstrate the

extremes of fungicide efficacy. The three
species of Colletotrichum exhibited vari-
ous degrees of sensitivity, thus demonstrat-
ing the specific efficacy of various fungi-
cides that are not otherwise broad

Table 3. Effects of conventional and natural product-based fungicides on growth and development of selected plant pathogenic fungi in a germination and

morphology assay"™

Botrytis Colletotrichum C. Fusarium Phomopsis
cinerea acutatum C. fragariae gloeosporioides oxysporum obscurans P. viticola
Control* +¥ + + ++ + +++ ++

Concentration (uM)* 0.3 3.0 30 03 30 30 03 30 30 03 30 30 03 30 30 03 30 30 03 30 30
Benomyl - - - - - - =~ - - ~ - - + + - — — - + + +
Captan + - - - + - - -+ = -+ o+ - - - S = =
Cyprodinil - - - + - -~ ~ - ~ ~ -+ o+ + - - -+ o+ +
Fenbuconazole - - - - - - =~ ~ ~ — — — + + + — — — + + +
Fenhexamid - - - + + - + - - + - - ++ ++ + + - -+ +
Iprodione - = - + + -+~ - + + -+ o+ + - - -+ o+
Kresoxim-methyl - - - - - - = - - — - - + - - — - - 4+ o+ —
4-Bromosampangine +  + - +H+ o+ o+ + + + + + + + + - - - + + +
Sampangine - - - + + + o+ - - + - - + - - - - - - - -

WEach species was assessed within 2 h of the time of germination with three washes.

* Growth medium without any fungicide.

¥ Growth is indicated by the following symbols: —

no germination, ~

germination < 90%, + = germination approximately 90%, ++ = germination > 90%

but less than 100%, +++ = virtually all conidia germinated. Note that qualitative levels of germination cannot be compared across species due to inherent
species differences in growth rates and delayed times for beginning observations (due to the large number of simultaneous observations required).
z Concentration of fungicides incorporated into growth medium.

Table 4. Sensitivity of fungi to fungicides"

Concentration® Botrytis Colletotrichum Fusarium
Fungicide cinerea acutatum C. fragariae C. gloeosporioides oxysporum LSDg s

0.3 uM
4-Bromosampangine —48 ¢v, B? —T7cd, A -15b, A -99d,C -3 ab, A 24
Sampangine -18 b, AB —6cd, A -33bc, B -33b,B —5ab, A 22
Benomyl -97d,D 8bc, A -37¢,C -16b,B 2a, AB 18
Captan 25a, A 10 abc, B 15a, AB 15a, AB 5a,B 14
Cyprodinil -904d,C -85¢e,C -83d,C -56¢,B S5a, A 9
Fenbuconazole -83d,D 16 ab, A 19a, A -59¢, C -10b, B 19
Fenhexamid -98d,C 20 ab, A 13 a, AB 11 a, AB 0ab,B 17
Iprodione 24 a, A 27 a, A 17 a, A 18 a, A 2a, A 35
Kresoxim-methyl -974d,C -18d, A -36¢c, A -59¢,B -30¢c, A 18
LSDg 5 19 18 18 20 2

3.0 uM
4-Bromosampangine -59¢,C -25b, AB —46 ¢, BC -99d,D —14 be, A 23
Sampangine -79d,B -90d, BC -97f1,C -99d,C 43 e, A 11
Benomyl —94¢,C 15a, A -93ef, C -60b,B —-la A 19
Captan 2a,A -994d,C -98f,C -984d,C —24cd, B 20
Cyprodinil —-97e¢,C -954d,C -84 ¢, B -84 c¢d, B —6ab, A 7
Fenbuconazole -93e¢,C 6a, A 5b, A -984d,C -29d,B 20
Fenhexamid -97e¢,C 11a, A 10 b, AB 16a, A —4 ab, B 14
Iprodione -40b, C 22a, A 24 a, A 31a, A 4a,B 17
Kresoxim-methyl -97¢,D —48 ¢, A -72d,B -83¢, C —-66f, B 9
LSDq 5 12 20 12 15 12

30 uM
4-Bromosampangine -32a,A —11cd, A -27b, A -100d, B -9b, A 25
Sampangine -98 Db, A -100f, B -100¢, B -100d, B -100f, B 1
Benomyl -96b,C 15b, A -94¢,C -45¢,B -77¢e,C 20
Captan -28a,A -100 f, B -100¢, B -100d, B -100 f, B 6
Cyprodinil -98 b, B -98f,B -89¢,B -95d,B =3lc, A 10
Fenbuconazole -98 Db, C -22d, A 98¢, C -100d, C —-45d,B 13
Fenhexamid -100 b, C -2c¢, A -20b, AB -7b, AB -21bc, B 18
Iprodione -98 b, C 65a, A 58a, A 17a,B 11a,B 34
Kresoxim-methyl -99b, B -70e, A -80¢,B -90d,C -70e, A 7
LSDg 5 4 16 21 18 12

W Comparative growth response of five plant pathogens in growth solution amended with three concentration levels of conventional and natural product-based
fungicides compared to growth in unamended solution after 72 h. Growth response was calculated as % Inhibition/stimulation = [(mean sample absorb-
ance) — (mean unamended absorbance)] x 100/(mean unamended absorbance). Positive numbers indicate a stimulation of growth and negative numbers
indicate an inhibition of growth compared to the growth of the fungus on unamended medium.

* Concentration of fungicides incorporated into growth medium.

¥ Mean values followed by different lowercase letters in the same column within a concentration within a fungus are significantly (P = 0.05) different as

determined by least significant difference (LSD)

* Mean values followed by different uppercase letters in the same row are significantly (P = 0.05) different as determined by LSD.
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spectrum. The five pathogenic fungal spe-
cies used in our experiments (excluding
Phomopsis spp.) are suitable for in vitro
(28) and in planta (31) assays including
fungicide efficacy, mode of action, and
fungal resistance.

We found it more useful to consider the
observed effects of a fungicide in terms of
the “physical mode of action” (24), refer-
ring to the whole organismal, morphologi-
cal level of organization, rather than the
“biochemical mode of action” (3,5), which
entails the subcellular level of organiza-
tion. Some of the fungicides obviously
stop germination for some of the species in
both the germination and morphology
assays (direct observation) and the micro-
titer assays. Others allowed early germina-
tion (direct observation), but inhibited
further growth (microtiter). These latter
instances are biologically interesting in
that they suggest a physical mode of action
different from inhibition of germination.

Sampangine is an effective natural
product-based fungicide whose physical
mode of action is apparently to arrest co-
nidial germination in B. cinerea, C. fra-
gariae, C. gloeosporioides, and F. ox-
ysporum. Our direct observation that C.
acutatum germinates in the presence of
sampangine at about 9 h contrasts with
growth inhibition in the microtiter assay at
about 48 h. This suggests that C. acutatum
does not respond to sampangine in the
same way as the other fungi tested, yet
sampangine was ultimately efficacious
against this fungus.

The apparent physical mode of action of
sampangine, germination inhibition, is
comparable to some of the conventional
fungicides tested, including captan,
iprodione, and kresoxim-methyl, that also
entail inhibiting conidial germination on
several hosts (3,10,16,32). Koller (7) dis-
cusses captan as a multisite fungal inhibi-
tor, consistent with our observation that
captan (and sampangine) did not inhibit
conidial germination in C. acutatum at 9 h,
although both fungicides prevented subse-
quent growth measured at about 48 h.

4-Bromosampangine was not as effec-
tive as sampangine or the conventional
fungicides at inhibiting fungal germina-
tion. Direct microscopic observations of
the effects of this sampangine analog indi-
cated that germ tube development was
affected not only by the presence of dis-
torted germ tubes that branched more fre-
quently than those of untreated conidia,
but also by the emergence of multiple
germ tubes, suggesting the possibility that
this compound may protect the host after
fungi have already established themselves
in or on the host. This anomaly caused by
4-bromosampangine in germ tube devel-
opment is similar to the physical mode of
action observed in germinating conidia of
B. cinerea (6) and Botrytis fabae (18),
which when exposed to fenhexamid and
benomyl, respectively, produced swollen,

branched germ tubes. Additional studies
also support our observations that when
conidial germination is not inhibited, sub-
sequent developmental stages such as germ
tube elongation and mycelial development
may be inhibited (2,8,11,19).

We tested sampangine, 4-bromosam-
pangine, and conventional fungicides for
their ability to inhibit and/or delay germi-
nation or subsequent development for a
short time period (72 h). The longer dura-
tion of efficacious inhibition of each fun-
gicide was not tested in the scope of this
research. Richmond and Pring (18) re-
ported that conidia of B. fabae which had
been completely inhibited from germinat-
ing in the presence of benomyl germinated
normally when transferred to a medium
free of benomyl. In addition, they reported
that when B. fabae was exposed again to
benomyl, germinating conidia produced
swollen and distorted germ tubes that
branched more frequently than the usual.
However, conidia of B. fabae resumed
normal growth when transferred to a me-
dium free of benomyl. Furthermore, the
abnormal germ tubes produced in the pres-
ence of benomyl formed a single hypha
and grew normally in the absence of the
fungicide. Richmond and Pring’s study
demonstrates that some chemicals that
inhibit fungal development are fungistatic,
not fungicidal, and may even allow re-
sumed growth of the fungus when they are
removed. They also demonstrated the
value of direct microscopic observation of
the effect of fungicides on fungi. In our
study, we were able to document by direct
microscopic observation the emergence of
splayed and multiple germ tubes caused by
4-bromosampangine in B. cinerea and C.
fragariae, respectively.
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